Molecular Characterization of the Genome of Maize Rayado Fino Virus, the Type Member of the Genus Marafivirus  by Hammond, R.W. & Ramirez, P.
d
R
5
Virology 282, 338–347 (2001)
doi:10.1006/viro.2001.0859, available online at http://www.idealibrary.com onMolecular Characterization of the Genome of Maize Rayado Fino Virus,
the Type Member of the Genus Marafivirus
R. W. Hammond*,1 and P. Ramirez†
*Molecular Plant Pathology Laboratory, Agricultural Research Service, United States Department of Agriculture, Beltsville, Maryland 20705;
and †CIBCM, Universidad de Costa Rica, San Jose, Costa Rica
Received December 22, 2000; returned to author for revision January 23, 2001; accepted February 8, 2001
The complete nucleotide sequence of the single-stranded RNA genome of Maize rayado fino virus (MRFV), the type
member of the genus Marafivirus, is 6305 nucleotides (nts) in length and contains two putative open reading frames (ORFs).
The largest ORF (nt 97–6180) encodes a polyprotein of 224 kDa with sequence similarities at its N-terminus to the
replication-associated proteins of other viruses with positive-strand RNA genomes and to the papainlike protease domain
found in tymoviruses. The C-terminus of the 224-kDa ORF also encodes the MRFV capsid protein. A smaller, overlapping ORF
(nt 302-1561) encodes a putative protein of 43 kDa with unknown function but with limited sequence similarities to putative
movement proteins of tymoviruses. The nucleotide sequence and proposed genome expression strategy of MRFV is most
closely related to that of oat blue dwarf virus (OBDV). Unlike OBDV, MRFV RNA does not appear to contain a poly(A) tail, and
it encodes a putative second overlapping open reading frame.
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The leafhopper-borne Maize rayado fino virus (MRFV)
is the type member of the genus Marafivirus which in-
cludes Oat blue dwarf virus (OBDV) and Bermuda grass
etched line virus (BELV) (Ga´mez, 1969, 1980; Ga´mez and
Leo´n, 1985, 1988; Masumi and Izadpanah, 1996; Edwards
et al., 1997). The geographic distribution of MRFV ap-
pears to be restricted to the Americas and is widespread
over a range of ecological conditions and vegetation
zones (Ga´mez et al., 1979; Bradfute et al., 1980; Kogel et
al., 1996). The virus is transmitted in a persistent manner
by leafhoppers of the genus Dalbulus, with Dalbulus
maidis as the main vector, although other leafhopper
species are able to experimentally transmit the virus
(Nault et al., 1980). MRFV replicates in its insect vector
(Rivera and Ga´mez, 1986). Both the virus and the vector
have narrow and overlapping host ranges and the dis-
tribution of the virus overlaps the distribution of its insect
vector (Ga´mez and Leo´n, 1985). In addition, MRFV often
occurs in field infections associated with the mollicutes,
corn stunt spiroplasma, and maize bushy stunt phyto-
plasma, which are also transmitted by the same insect
vector (Ga´mez and Leo´n, 1985). Despite its wide geo-
graphic distribution in the Americas, an examination of
the molecular relationships among MRFV isolates in
Latin America revealed a high nucleotide sequence con-
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338servation in the coat protein gene and a divergence of
the isolates into three main phylogenetic clusters (Ham-
mond et al., 1997).
MRFV virions are isometric, approximately 30 nm in
diameter, and contain a single-stranded RNA genome
with a molecular mass of 2.0–2.1 3 106 Da, which
acks a 59 terminal VPg and 39 poly(A) tail (Leo´n and
a´mez, 1981). The viral capsid is composed of two
erologically related, unglycosylated proteins of mo-
ecular mass 22 and 28 kDa, found in molar ratios of
pproximately 3:1, respectively, and which contain
ommon peptide sequences (Ramirez et al., 1983; Falk
nd Tsai, 1986). In vitro translation of virion RNA in
abbit reticulocyte lysates resulted in the synthesis of
large number of polypeptides ranging from 15 to 165
Da; however, no polypeptides corresponding to the
apsid proteins could be detected by immunoprecipi-
ation of the translation products using antisera to the
apsid protein (Espinoza et al., 1988). The expression
trategy of the capsid proteins is unknown, although
he virus produces a single, subgenomic RNA from
hich the capsid proteins may be translated (Madriz-
rden˜ana, 1999).
The complete sequence of OBDV has been reported
Edwards et al., 1997) and recently, the nucleotide se-
uence of Poinsettia mosaic virus (PnMV) was shown to
ave a close relationship to marafiviruses (Bradel et al.,
000). In this paper, we report the complete nucleotide
equence of the MRFV genome and propose a putative
enome expression strategy that differs from that re-
orted for OBDV and PnMV.
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339MAIZE RAYADO FINO VIRUS GENOMERESULTS AND DISCUSSION
tructural organization of the MRFV genome
The complete nucleotide sequence of the MRFV ge-
ome consists of 6305 nucleotides (nt) and is C rich,
omposed of 15% A, 23% U, 38% C, and 24% G (Fig. 1).
he reported absence of a poly(A) tail at the 39 terminus
Leo´n and Ga´mez, 1981) was confirmed by the inability of
he RNA to act as a template for cDNA synthesis using
everse transcriptase and an oligo(dT) primer (Ramirez et
l., 1990) and by direct sequencing of genomic RNA that
ad been radioactively labeled at the 39 terminus (data
not shown). To obtain the nucleotide sequence of the 39
terminus, the RNA was polyadenylated prior to synthesis
of first-strand cDNA, with the result that a stretch of 9 A’s
was present at the 39-terminus of the 39 coterminal cDNA
clone (Ramirez et al., 1990).
Although the 39 terminal noncoding region can be
folded into a stem-loop structure, it lacks the tRNA-like
secondary structure possessed by most tymoviruses and
other plant viral RNAs (data not shown) (Rietveld et al.,
1983). In that respect, MRFV resembles Erysimum latent
tymovirus (ELV) (Srifah et al., 1992), OBDV (Edwards et
al., 1997), and PnMV (Bradel et al., 2000). However, unlike
OBDV and PnMV, MRFV appears to lack a poly(A) tail.
A search of potential open reading frames (ORFs) in
the positive sense RNA revealed the presence of a large
polyprotein of MW 223,809 Da (224 kDa; nt 97–6180),
which is composed of 2027 amino acid residues. A
second putative ORF of 43,357 Da (43 kDa; nt 302-1561)
is in an overlapping reading frame and is composed of
419 amino acids, 100 of which are hydrophobic.
224-kDa polyprotein
Amino acid sequence comparisons of the 224-kDa
ORF with other known positive-strand RNA viral proteins
revealed extensive sequence similarities of the NH2-
terminal portion with the corresponding regions of OBDV
(up to 65%) and PnMV (up to 60%) and members of the
tymoviruses (37–41%; Hirth and Givord, 1986). This
polyprotein contains the conserved “signature” motifs
characteristic of proteins possessing capping activities,
e.g., methyltransferase (Rozanov et al., 1992), the NTP-
binding helicase motif (Gly-X-X-Gly-X-Gly-Lys-Ser; Habili
and Symons, 1989; Gorbalenya and Koonin, 1989) at
amino acid (aa) residues 921–928, and an RNA polymer-
ase (replicase) motif Gly-Asp-Asp (Kamer and Argos,
1984; Koonin, 1991) at aa residues 1608–1610 (Fig. 1). The
equence similarities and gene order indicate that
RFV, similar to OBDV, belongs to the a-like group of
ositive-strand RNA viruses (Edwards et al., 1997). In
ddition, MRFV also contains the papainlike protease
omain at aa 668–832 found in tymoviruses, OBDV, and
nMV with the conserved, essential cysteine and histi-
ine at residues C732 and H815, respectively (Bransom etal., 1991; Bransom and Dreher, 1994; Rozanov et al.,
1995).
Evidence that the CP cistron is located at the 39 ter-
minus of the MRFV RNA and encoded within the 224-kDa
ORF (Fig. 1) was obtained by (1) amino acid sequence
analysis of tryptic fragments of purified MRFV CP (the
sequence of these fragments was used to identify the
location of the structural protein genes within the RNA);
and (2) an in-frame fusion of the putative CP ORF at the
XhoI site (nt 5669) into pGEM7Zf(1) and Western blot
analysis of the product using antisera prepared to pu-
rifed MRFV CP (unpublished results).
43-kDa ORF
An amino acid sequence comparison of the putative
43-kDa ORF using the BLAST search engine (Altschul et
al., 1997) revealed no extensive sequence similarities
with any known proteins; however, a short element of
44% sequence similarity was identified between aa 367–
417 from MRFV and aa 250–300 of the proline-rich, 70-
kDa, putative movement protein of Eggplant mosaic ty-
movirus (EMV) (Osorio-Keese et al., 1989). In addition, the
43-kDa protein is rich in proline (21%), similar to the high
proline content of the 69-kDa movement protein of Turnip
yellow mosaic virus (TYMV) (19%) (Bozarth et al., 1992)
and the 48-kDa putative movement protein of ELV (Srifah
et al., 1992). The tymovirus movement proteins are a
distinct type of movement protein with very high proline
content; the 43-kDa polypeptide may function as a mo-
lecular chaperone as suggested for other MP’s (Koonin
et al., 1991; Mushegian and Koonin, 1993).
The novel 43-kDa ORF is unexpected when compared
to the expression strategy proposed for OBDV (Edwards
et al., 1997). It is unknown whether this ORF is translated
in vitro or in vivo in either its maize or its insect host. The
biological significance of this ORF can be tested once
infectious recombinant clones are available.
Genome expression strategy and origin of capsid
proteins
By analogy to tymoviruses (Bransom et al., 1991) and
proposed for OBDV and PnMV, MRFV may express its
genome through posttranslational autocatalytic cleavage
in cis of the 224-kDa polyprotein by the papainlike viral-
encoded protease (Fig. 2). In vitro translation of MRFV
virion RNA yielded products of 165, 110, 90, 67, 54, and 26
kDa; in vitro translation using a protease inhibitor did not
result in the accumulation of larger products (Espinoza et
al., 1988). Also, by analogy to tymoviruses, autocatalytic
cleavage at NTPase/helicase and polymerase domains
between Ala1204 and Gly1205 would yield N- and C-terminal
proteins of 132-kDa (MTR and HEL) and 91-kDa (REP 1
CP) domains (Kadare´ et al., 1995). Further cleavage be-
1799 1800tween Gly and His would yield two polypeptides of
66 kDa (REP) and 25 kDa (CP). The 43-kDa protein may
FIG. 1. The complete nucleotide sequence of the MRFV RNA genome. The predicted amino acid sequences of the two ORFs are shown below the
nucleotide sequence using a single letter code. Asterisks in the amino acid sequences are termination codons. Regions of sequence similarity to the
conserved motifs for methyltransferase (MTR) (Rozanov et al., 1992; Koonin and Dolja, 1993), helicase (HEL) (Koonin and Dolja, 1993), and polymerase
(REP) (Koonin, 1991) are labeled above the nucleotide sequence. Conserved amino acid residues of the putative papainlike protease found in
tymoviruses and which occur between amino acid residues 732 and 815 of the 224-kDa protein are indicated by asterisks above the line. The C at
residue 731 and H at residue 815 (underlined) are conserved catalytic residues for protease activity (residues 783 and 869 in TYMV, respectively;
Bransom and Dreher, 1994, Rozanov et al., 1995). The putative cleavage sites between helicase and polymerase domains (between residues 1204
and 1205) and the polymerase and capsid protein domains (between residues 1799 and 1800 or 1842 and 1843) are indicated by arrows. The putative
initiator methionines for the 224-kDa, 43-kDa, and capsid proteins are shaded. A 16-nucleotide sequence similar to the tymobox sequence of
tymoviruses [CAGGGUGAAUUGCUUC] and the putative subgenomic RNA transcription start site [CAAU] are designated. Amino acid sequences of
polypeptides derived from tryptic digests of purified MRFV CP are underlined.
—Cont
341MAIZE RAYADO FINO VIRUS GENOMErun abnormally in gels because of the high proline con-
tent and thus basic charge (perhaps as the 54 kDa seen
FIG. 1in in vitro translations), similar to the abnormal migration
of the 69-kDa protein of TYMV (Kadare´ et al., 1992).The capsid proteins of MRFV have previously been
reported to be 22 and 28 kDa on the basis of electro-
inuedphoretic mobility, and it is proposed that the 28-kDa
capsid protein is an N-terminal extension of the 22-kDa
—Cont
342 HAMMOND AND RAMIREZprotein (Falk and Tsai, 1986). Upon analysis of the
genomic sequence, one possible strategy for the produc-
FIG. 1tion of the two MRFV capsid proteins would be posttrans-
lational cleavage of the 224-kDa polyprotein by the pa-
c
ppainlike protease between amino acid residues Gly
(G)1799 and His (H)1800 to produce a 25.4-kDa protein and
inuedleavage between Ala (A)1842 and Thr (T)1843 to produce a
rotein of 20.3 kDa (Fig. 1).
a—Cont
343MAIZE RAYADO FINO VIRUS GENOMEA second possible and more likely strategy for capsid
protein production is synthesis of a 39 coterminal sub-
genomic RNA from which the capsid proteins are trans-
FIG. 2. Diagram showing the putative genome organization and exp
FIG. 1rectangles. The genomic RNA including 59 and 39 UTR is shown as a solid lin
re the cap structures and 3-terminal structures.lated. MRFV, as OBDV, contains the consensus “tymobox”
subgenomic RNA promoter at nt 5410–5425 [CAGGGU-
GAAUUGCUUC] and the putative subgenomic RNA tran-
strategy of MRFV, OBDV, PnMV, and TYMV. The ORFs are drawn as
inuedression
e. The location of the MTR, PRO, HEL, REP, and CP are indicated, as
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344 HAMMOND AND RAMIREZscription start site of CAAU (nt 5434–5437) (Fig. 1) (Ding
et al., 1990). This would yield a putative subgenomic RNA
of 861 nt. A single subgenomic RNA has been detected
in virus-infected plants (Madriz-Orden˜ana, 1999). The
methionine codon at aa position 1801 could account for
the translation of a 25-kDa CP (nt 5467–6178) and the
methionine at aa position 1838 would yield a 21.5-kDa CP
(nt 5578–6178), respectively. This expression strategy
might involve “leaky scanning” since the first AUG is in
the context CACAUGC and the second AUG is in a more
favorable context of UCUAUGG with a G in position 14
relative to the A of AUG (Fig. 1) (Kozak, 1995, 1997). This
may also account for the observed 3:1 ratio for the 22:28
kDa MRFV capsid proteins (Falk and Tsai, 1986). Addi-
tional in vitro and in vivo analyses will be required to
determine how the genome of MRFV is expressed.
Putative function of the NH2 CP extension
The 37 amino acid, 3.5-kDa N-terminal extension (as-
suming translation of both capsid proteins from a sub-
genomic RNA) of the MRFV 25-kDa CP is rich in hydro-
phobic amino acids and proline and may play a biolog-
ical role in transmission and virion packaging of MRFV
(Fig. 3). A BLAST search revealed a 50% amino acid
similarity to a region of the Herpes simplex virus capsid
protein P40 that may function as a scaffolding protein
(McGeoch et al., 1988; Davison et al., 1992) and less
extensive homologies with other proteins. The role of
amino- and carboxyl-terminal extensions of plant viral
CP’s in virus transmission, assembly, replication, and/or
spread has been shown in several cases. In Soilborne
wheat mosaic virus, for example, alternative initiation at
a GUG produces a 9-kDa N-terminal extension of the CP
that may play a functional role in the virus life cycle and
in transmission of the virus by the fungal vector (Shirako,
1998). In Beet necrotic yellow vein virus, a readthrough
polypeptide at the C-terminus of the CP is essential for
transmission by the fungus and for virus assembly
(Schmitt et al., 1992; Tamada and Kusume, 1996). In the
uteoviruses, which are circulative but not propagative in
heir insect vector, a C-terminal extension of the CP of
arley yellow dwarf virus (Wang et al., 1995) and Potato
FIG. 3. Amino acid sequence of the N-terminal extension of the
25-kDa CP of MRFV. Hydrophobic residues are indicated by asterisks
above the residues (I, L, V, M, F, Y, C, A). Polar residues (N, Q, S) are
underlined. Proline (P) residues are indicated with a caret. Alignment of
the extension with a region of the herpes simplex virus capsid protein
P40 (McGeogh et al., 1988; Davison et al., 1992). Residues which are
identical are indicated; 1 indicates amino acid similarity.eafroll virus (Jolly and Mayo, 1994) may play a role in the
fficiency of aphid transmission. In the potyviruses, the
v
(-terminus of the CP also plays a role in aphid trans-
ission (Atreya et al., 1990). These examples lend sup-
ort to a putative function of the hydrophobic-rich N-
erminal extension of the MRFV CP in recognition and
ttachment to host cell recognition site or to a role in
irion movement and assembly and RNA–protein inter-
ctions.
elationship to other viruses
With respect to genome size and sequence similari-
ies, expression strategy, and particle morphology, MRFV
ost closely resembles OBDV, PnMV, and tymoviruses
Fig. 3). Similar to these viruses, the MRFV genome
ontains a capped, positive-strand RNA genome that is
ranslated into a polyprotein that is proteolytically
leaved; the genomic RNA also contains the conserved
ymobox subgenomic promoter (Ding et al., 1990); the
utative subgenomic RNA has the potential to encode
he capsid proteins. The MRFV genome has 22% nucle-
tide sequence identity to TYMV and PnMV and 28%
dentity to OBDV. At the amino acid level, the polyprotein
f MRFV is 53% similar to that of OBDV, and the CPs of
RFV and OBDV are 59% similar.
Similar to OBDV and PnMV, and unlike tymoviruses,
RFV lacks a stop codon separating the polymerase and
apsid protein genes. Similar to tymoviruses, but unlike
BDV, there is no evidence for polyadenlylation, but
nlike tymoviruses, MRFV lacks a 39 terminal tRNA struc-
ure. However, unlike OBDV and PnMV, but similar to
ymoviruses, MRFV appears to have another important
istinguishing feature of the overlapping ORF encoding a
roline-rich polypeptide of 43 kDa with similarities to
MV. Similar to OBDV and BELV, MRFV has two CPs,
hereas there is only one CP for PnMV and tymoviruses.
lso, OBDV, BELV, and MRFV replicate in their insect
ector and are not readily mechanically transmissible.
Although MRFV and OBDV share sequence similari-
ies, they are biologically different; for example, OBDV is
ectored by the aster leafhopper Macrosteles fascifrons,
hich along with OBDV, has a host range including
icots and monocots, whereas the host range of MRFV
nd its insect vector is limited to monocots (Ga´mez and
eo´n, 1988; Edwards et al., 1997). Following further char-
cterization of the similarities and differences in Marafi-
irus gene expression, the taxonomic placement of
RFV in relation to OBDV, BELV, and other monopartite
sometric viruses can be determined.
Unlike other viruses that are propagative in their plant
ost and insect vector and whose genome sizes are
arge and complex (e.g., phytoreoviruses, rhabdoviruses,
nd tenuiviruses), marafiviruses, with their small and
imple genomes, present a unique opportunity to inves-
igate the molecular basis of interactions between these
iruses and their insect vectors. For example, Falk et al.
1987) reported differences in the expression of viral-
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345MAIZE RAYADO FINO VIRUS GENOMEencoded proteins in the insect and plant hosts of the
leafhopper-transmitted tenuivirus Maize stripe virus. The
virion capsid protein was expressed in plant and insect
host; however, a major nonstructural protein was identi-
fied only in plant extracts. Further studies to verify the
function of the overlapping 43-kDa ORF and the N-termi-
nal extension of the capsid protein in the MRFV life cycle
in its insect and plant hosts may provide clues to MRFV’s
narrow host range and ability to replicate in its insect
vector and possible interaction with the mollicutes that it
is often found in association with.
MATERIALS AND METHODS
Virus propagation and RNA extraction
Maize (Zea mays L.) plants were exposed to virulifer-
ous D. maidis leafhoppers carrying a Costa Rican isolate
of MRFV, as previously described (Bustamante et al.,
1998). MRFV was isolated from infected leaves as de-
scribed by Leo´n and Ga´mez (1981). RNA was extracted
from purified virions in 0.05 M Tris, 1 mM EDTA, 0.05 M
boric acid, pH 8.3 followed by phenol extraction and
precipitation with 70% ethanol (Ramirez et al., 1990).
Integrity of the viral RNA was examined by electrophore-
sis through agarose gels prior to cDNA cloning.
cDNA cloning and nucleotide sequence analysis
The cDNA clone encoding the 39 coterminal coat pro-
ein gene was prepared by polyadenylation of the viral
NA at its 39 OH terminus, followed by annealing to
ligo(dT) in a buffer containing 5.0 mM NaPO4, pH 7.2, 2.0
M EDTA, and 15% ultrapure methyl sulfoxide-d6 (Al-
rich, Milwaukee, WI) according to the method of Polites
nd Marotti (1986) and as briefly described in Ramirez et
l. (1990). The primed RNA was used as a template for
everse transcription using M-MLV reverse transcriptase
Life Technologies, Gaithersburg, MD) (D’Alessio et al.,
987). The second-strand cDNA was produced in a re-
ction catalyzed by the Klenow fragment of Escherichia
oli DNA polymerase I (Maniatis et al., 1982). The double-
tranded cDNA was then inserted into pUC9 at the PstI
ite by the “dG-dC” tailing method (Efstradtiadis and
illa-Komaroff, 1979). A more complete library of cDNA
lones was generated using oligo(dT), random primers,
nd Superscript RT (Life Technologies) or specific oligo-
ucleotide primers in polymerase chain reactions. The
esulting fragments were cloned using either EcoRI
daptors into pGEM (Promega, Madison, WI) or into
CR2.1 using TA cloning (Invitrogen, Carlsbad, CA). Pos-
tive clones were identified by colony hybridization using
andom-primed, radioactively labeled probes to MRFV
enomic RNA (Maniatis et al., 1982). Overlapping MRFV
DNA clones were selected by restriction mapping and
outhern hybridization (Maniatis et al., 1982). The 59-
erminus was obtained by primer extension synthesizingirst-strand cDNA with a specific oligonucleotide primer
omplementary to nt 1797 through nt 1812. The cDNA
as cloned using the Marathon 59 RACE kit (Clontech
aboratories, Inc., Palo Alto, CA) inserted into the pCR2.1
ector (Invitrogen). Nucleic acid sequencing was per-
ormed either manually using M13 primers and Deaza
aqTrack Sequencing Kit (Promega) or with an auto-
ated sequencer (Model 373A, Applied Biosystems,
oster City, CA). The sequences were determined both in
rientations and from overlapping clones. Sequences
ere assembled into “contigs”’ using the Lasergene soft-
are by DNASTAR (Madison) for the Apple Macintosh.
atabase searches were performed through the BLAST
-mail server (Atschul et al., 1997) and RNA structural
nalyses were performed using mfold version 3 on the
fold server (Zuker et al., 1999).
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